The possibility of removing certain pharmaceuticals from wastewater was tested using Octolig, a commercially available material with polyethyldiamine moieties covalently attached to high-surface area silica gel. Selected drugs and drug models were subjected to column chromatography for removal by means of ion encapsulation, the effectiveness of which would depend upon having appropriate anionic functional groups. Removal of methylene blue with quaternary ammonium groups was (statistically) unsuccessful. In contrast, complete success was attained for removal of each of three xanthenylbenzenes (rose bengal, eosin Y, erythrosine) that have both phenolic and carboxylic acid groups, as is the case with two of the top five prescribed drugs in the US. Moreover, quantitative removal was obtained for zinc phthalocyaninetetrasulfonate (ZPS) and lissamine green B, which have sulfonate groups. Finally, quantitative removal was obtained for amoxicillin, one of the top five most prescribed drugs in the US (in 2008).
INTRODUCTION
A further example of concentration is that hospitals represent a major point-source of environmental contamination. This can arise from improper Pharmaceuticals are chemical compounds (inorganic or organic) that can be used in the diagnosis, disposal as well as incomplete metabolism of a given pharmaceutical. As an example, amoxicillin, mitigation treatment, or prevention of a disease (3) , and because of their efficacy, properties, and maga popular antibiotic, was found in a German hospital effluent at a concentration of 920-980 µg/L nitude of production they can represent a disposal problem. One problem is that pharmaceuticals are (14) . Considering the 203 hospitals serving 2.47 million patients per day in Florida alone (2006), widely used for such purposes as human medicine, veterinary medicine, aquaculture, livestock producthe impact is widespread (2) . Many individual pharmaceutical compounds and tion, agriculture, and bee keeping (4, 15) .
In addition, production is concentrated in five metabolites have been found in the environment and the occurrence of pharmaceuticals has been incountries (Germany, US, Japan, France, and UK) where two thirds of all pharmaceuticals are provestigated in many countries, including the EU and the US. Several studies (1, 10, 11, 13, 14) have noted duced (25). Failure to attain proper management can lead to environmental contamination. Human that pharmaceuticals are present in wastewater treatment plant effluents, hospital wastewater effluusage is also concentrated. According to one estimate (25), 15% of the world population live in ents, surface water, and ground water, and this will likely result in indirect human exposure to pharmahigh-income countries that use about 90% of the total pharmaceuticals; the US uses over 52% of all ceuticals via drinking water supplies. A national survey released in 2002 reported that pharmaceutimedicines. 144 CHANG, MARTIN, AND SMALL cals, hormones, and other organic pollutants were became encapsulated by arms of the attached ligands ( Fig. 1) . Subsequently, Martin and coworkpresent in more than 80% of surface water streams tested (13) . As Heberer (11) noted, more than 80 ers (20) demonstrated that column chromatography with Octolig was able to effect quantitative repharmaceutical active compounds have been detected in the µg/L range in aquatic environments.
moval of arsenate, chromate, fluoride, molydate, and selenate. Although a number of effects might be ascribed to pharmaceuticals in the environment, two problems This seemed to have implications to a significant environmental problem-environmental contamiseem to be especially important: antibiotic-resistant bacteria and endocrine disruptors. Antibiotics are nation by pharmaceuticals-because these drugs widely used for human medicine, veterinary meditypically have certain functional groups that procine, and agriculture, so there are more obvious envide solubility as well as electronic properties. At vironmental issues involving antibiotics (15) . The least three kinds of functional groups-phenolic, resistant bacteria and, perhaps, multiple-resistant carboxylic, sulfonoic-are able to lose protons and bacteria, may be involved in sewage, soil, or other turn the pharmaceuticals into anions. It was postuenvironmental components. Such bacterial resislated that such anions could well be attracted to tance has been detected in wastewater and in sewprotonated nitrogens of the polyethylenediamino age-treatment plants (9, 24) . Another major concern arms of Octolig (Fig. 1 ). It could also be postuis that the pharmaceutical compounds, especially lated a sulfonamide might be hydrolyzed to a sulfoendocrine disrupting chemicals (EDCs), are susnate and accordingly be subject to encapsulation as pected of causing harmful influences to the endowell. crine systems of human and animals (7).
Subsequent research (5) indicated that Octolig One may cogently argue that the magnitude of was able to quantitatively remove three xanthenylthe problem of the environmental contamination is benzene dyes from aqueous solutions using column widespread and serious, and we have (4), as have chromatography. The three dyes-rose bengal, eoothers (14-16); however, the solution to the widesin Y, erythrosine Y (Fig. 2) -have phenolic and spread problem is less evident. More to the point, carboxylic groups that are capable of losing a proas Donald Kennedy (a former commissioner of the ton and being encapsulated by protonated Oc-US Food and Drug Administration) noted, antibitolig. Comparative experiments with methylene otic resistance is expensive (12) . The estimated exblue ( Fig. 3) were utter failures, presumably betra costs to the US health care system could be as cause of proximity of a phenol to a tertiary amine much as $26 billion a year (12) .
group, minimizing the potential attraction to the One solution in the US would be for Congress encapsulating arm of Octolig. It was also noted to pass the Preservation of Antibiotics for Medical (5) that two of the top five most prescribed drugs Treatment Act, albeit some 30 years late (12) . This in the US have carboxyl and phenolic groups (i.e., was essentially done in Denmark in the late 1990s amoxicillin and simvastatin) (23). and, according to Kennedy (12) , the reservoir of
The present study examines two other model resistant bacteria shrank notably. True, some anicompounds-zinc phthalocyaninetetrasulfonate (ZPS) mals lost weight; others developed infections, but ( Fig. 4 ) and lissamine green B (Fig. 5 )-that conthese could be treated, and the costs were less than tain sulfonates, and, in addition, a pharmaceutical, the benefits achieved (12) . amoxicillin ( Fig. 6 ), was also tested. One solution for mitigating point-source contamination may be the use of column chromatography. (22) demonstrated that a commercially available product, Octolig, a polyethyleneSource of Reagents and Materials diamine covalently attached to high-surface area silica gel, was able to quantitatively remove anions Octolig (CAS Registry Number 404899-06-5) was a gift from Metre-General, Inc., Frederick, (nitrate, nitrite, phosphate, sulfate) from aqueous solutions. They postulated that the anions were CO. ZPS (Fig. 4 ) was a gift of the Procter & Gamble Company. Lissamine green B (Fig. 5 ) and attached to protonated nitrogens of Octolig and amoxicillin ( Fig. 6 ) were obtained from Aldrich Chemical Co. Well water samples were obtained from a private well (3402 Valencia Road in Original Carrollwood, Tampa, FL). Prior to use, the water was filtered through a 3-µm Millipore membrane filter using an all-glass apparatus.
MATERIALS AND METHODS

Stull and Martin
Analyses
As in our previous study (4) , measurements of total dissolved solid (TDS) of aqueous samples were done by a Fisher Scientific digital conductivity meter, and the pH values were obtained by an Orion model 290A pH/ISE meter connected with an Orion pH triode electrode model 9107BN. Concentrations of dye solutions were acquired from the absorbance measurements using a Shimadzu UV-2401 PC UV-Vis recording spectrophotometer. Spectra were saved to a disk using Origin Pro 8.0 program for further use. amoxicillin were prepared from a known stock so- lution. Absorbance values were recorded for a bance values did not exceed OD = 1.5. Molar extinction coefficients were determined using the wavelength near the λ max for each dilution using a Shimadzu UV-2401 PC spectrophotometer. ConBeer-Lambert law, in which the slope of the absorbance versus concentration plot is equal to the excentrations were prepared to ensure that absor- tinction coefficient times the path length, in which cability of this information to pharmaceuticals can be considered successively. the path length was 1.0 cm. The data analysis used Excel software and the molar extinction coeffiFirst, the model compounds demonstrate the efficacy of phenolic, carboxylic, and sulfonic cients could be obtained from the linear equations.
Molar Extinction Coefficient Measurements
groups in the removal of compounds by chromaChromatography Experiments tography columns packed with Octolig. Phenolic and carboxylic groups are commonly present in orThe chromatography process was similar to that ganic pharmaceuticals and serve as a solubilizing used previously (4, (18) (19) (20) (21) (22) . Octolig, as received, function. The xanthenylbenzene derivatives of rose was subjected to a pretreatment by suspending the bengal, eosin Y, and erythrosine each contain phesolid in deionized (DI) water and then decanting nolic and carboxylic functional groups, and all the water to remove the fines. A Chemglass colthree compounds were quantitatively removed by umn, 2 cm (ID) equipped with a glass frit and a column chromatography. The presence of halogens Teflon stopcock, was packed with Octolig, and alters the pK A values somewhat (vide infra) and washed with about 1 L of solvents (i.e., DI water, their spectra as well, but did not discernibly affect tap water, or well water), which were used as difthe efficacy of the process (Table 1 ) (4). Also, ferent matrices. Aqueous samples of dyes were there was no matrix effect; that is, quantitative rechromatographed using a rate of 10 ml/min using covery values were obtained for a given dye in DI a Spectra/chron TM peristaltic pump. A series of 50-water, tap water, or well water (Table 1 ) (4). Fiml fractions was collected, and measurements were nally, there was no discernable effect on the permade of conductivity, pH, and visible spectra. The cent recovery of switching from one batch to anconcentrations of the effluents (fractions 4 on, typiother of Octolig (Table 1 ) (4). cally) were compared with the concentration of the The effect of initial pH on percent removal was input solutions, and the percent removal was calcunotable for aqueous rose bengal. At a pH much belated and recorded (Tables 1, 2, and 3) . low 7, the effectiveness was about 76% of the value above pH 7 (Fig. 7) . This is to be expected of a derivative of benzoic acid. This particular acid, RESULTS AND DISCUSSION for which the negative log of the dissociation constant (pK A ) is 4.2, would be 50% ionized at a pH The model compounds (Figs. 2-5 ) served three of 4.2, but completely ionized at a pH of 7.2. Prefunctions: first, a demonstration of efficacy of sumably the greater the degree of dissociation, the functional groups for chromatographic removal; more favorable removal would be, according to the second, a limited, but useful example of the influmodel we have presented (Fig. 1) . In contrast with ence of spatial effects; and third, an indication of the existence or absence of size effects. The appliaqueous rose bengal, the removal of ZPS (Fig. 4 ) should be independent of pH, owing to the presmoval (1.9 ± 1.9%) that we reported (4) was essentially zero within experimental error. ence of the conjugates of the strongly acidic sulfonic acid, and this was experimentally observed Thirdly, the model molecules are comparatively large, but still they were effectively removed by (Fig. 1, Table 1 ). Moreover, for lissamine green B, for which the anionic groups are sulfonates, the chromatography using Octoliog. The significance of size is twofold. If the sizeable model molecules percent recovery was also independent of pH over the range studied (ca 6.3-8.3) (Fig. 5) .
can be removed, removal of smaller pharmaceuticals with suitable functional groups, suitably Secondly, the behavior of methylene blue indicates a steric effect (e.g., an example of adverse placed, may be expected. Accordingly, we may view as an example amoxicillin (characterized by steric proximity). From the structure depicted (Fig.  3) , it may be noted that there is an aromatic OH some as a "large" molecule) and note that it, too, was quantitatively removed. The second aspect is function, which should lead to a suitable anion, because the pK A value is 3.8 (5), and at a pH of 7, that the single-arm model represented (Fig. 1) may not apply to molecules of sufficient size, and a methylene blue should be ionized to an extent exceeding 99%. On the other hand, the hydroxyl two-arm model might be a better representation. According to data provided by Towner (23), function is ortho to a tertiary amine, and the act of proton loss should lead to a tertiary ammonium ion amoxicillin, levothyroxine, and lisinopril are three of the top five prescribed drugs in the US, and all in immediate proximity to a phenolate ion, essentially minimizing any attraction to the protonated three contain a carboxylic function. Amoxicillin contains both a carboxylate group and a phenolic Octolig. And one may note that the percent re- group (Fig. 6) . Of the three, the amoxicillin seemed ACKNOWLEDGMENTS: We gratefully acknowledge samples of Octolig provided by Metre-Gento be more promising for study, based on availabileral by President Robert L. Alldredge (deceased) ity and comparative cost, and was selected for and by Mark Alldredge. We are grateful to Dr. study. Available data (Tables 1 and 2) show some Randy Larsen for the access to the Shimadzu UVof the important characteristics of the five model 240 IPC UV-Vis recording spectrophotometer in compounds, including no matrix effect (DI water his laboratory. We thank Dr. Kirpal Bisht for his vs. well water), quantitative removal for the xanencouragement, and Dr. Joseph J. Krzanowski for thenylbenzene dyes above pH 7.
a helpful suggestion concerning amoxicillin and other drugs. We thank two reviewers for helpful comments.
ACHIEVEMENTS AND LIMITATIONS
The applicability some of these results may be ABOUT THE AUTHORS called into question. Aminopenicillins such as amoxicillin have a short half-life in the aquatic environment as noted in a recent study (17) . But, the authors noted a concern that hypersensitivityinducing drugs, such as penicillins and their degradation products, may elicit allergic reactions in human consumers of water and food of animal origin (16) .
The ability to remove amoxicillin from water samples using chromatography with Octolig has implications for examples of point-source pollution such as hospitals. The success described here de- be applicable to removal of tetracycline and monoensin, two antibiotics commonly used to treat dairy cattle. Tetracycline has a phenolic moiety and monoensin has a carboxylic acid group (6) . In South Florida, many dairy farms have cows in airconditioned facilities with lagoons to catch the mist water that provides cooling and carries off waste. Some 70% of the antibiotics are allegedly secreted in active form (8) .
On the other hand, research at Michigan Tech has been directed at using vetiver grass to remove these antibiotics (8) . The grass is native to India ing a 12-week study.
